Background-Catheter ablation of ventricular tachycardia is limited in part by difficulty in identifying suitable sites for ablation. A noncontact multielectrode array (MEA) has been developed that allows reconstruction of 3360 electrograms, using inverse-solution mathematics, that are superimposed onto a computer-simulated model of the endocardium. This study assesses the accuracy of timing and morphology of reconstructed unipolar electrograms compared with contact unipolar electrograms from the same endocardial site. Methods and Results-The MEA was deployed in the left ventricles of 13 patients (end-diastolic diameters, 61.7Ϯ8.4 mm
R eentry is the mechanism responsible for the majority of cases of ventricular tachycardia (VT). [1] [2] [3] [4] [5] Ablation of VT is dependent on locating the diastolic activity critical for maintenance of the reentrant circuit. 5, 6 Only 10% of patients with structural heart disease and reentrant VT are suitable for catheter ablation by use of conventional techniques 7 ; the principal reason for this limitation is hemodynamic intolerance of the tachycardia for a sufficient time to allow conventional sequential endocardial mapping.
Simultaneous endocardial activation mapping with basket electrodes has been achieved with limited resolution. 8 More detailed simultaneous activation mapping has been performed during surgery by applying arrays of multiple electrodes to epicardial or endocardial surfaces. 9 -11 This method of mapping requires a thoracotomy and general anesthesia, and many VTs may be nonsustained or noninducible under these conditions. 12 There has therefore been no means of producing high-resolution activation maps of the entire intact left ventricle (LV) that would enable adequate mapping of the tachycardia circuit in just a few beats and thereby potentially guide ablative therapy for the large proportion of patients with poorly tolerated VT.
We report the first human studies using a noncontact mapping system to detect far-field endocardial potentials from within a cardiac chamber and, from these potentials, reconstruct unipolar endocardial electrograms at 3360 points, producing instantaneous endocardial isopotential maps on a computer-generated "virtual" endocardium. The aim of this study was to validate the system during sinus rhythm (SR) by comparing the timing and morphology of reconstructed unipolar electrograms with contact unipolar electrograms recorded from the same LV endocardial location.
Methods

Patients
Thirteen consecutive patients (mean age, 60 years; range, 32 to 75 years; 1 woman) were studied while undergoing endocardial LV mapping for catheter ablation of well-tolerated VT (Table 1 ). All patients were being treated with amiodarone therapy, and other antiarrhythmic medications were continued for the study.
Mapping Procedure
The study was approved by the local ethics committee, whose guidelines were followed. All patients were studied in the postabsorptive state and had given written informed consent. A standard quadripolar catheter was sited in the right ventricular apex, and 2 standard, deflectable, mapping/ablation, 4-mm-tip catheters were passed to the LV, 1 by a retrograde transaortic route and the other via a transeptal puncture. Pulmonary and systemic arterial blood pressures were monitored continuously.
Noncontact Mapping System
The noncontact mapping system (EnSite 3000; Endocardial Solutions) consists of a catheter-mounted multielectrode array (MEA), a custom-built amplifier system, and a Silicon Graphics workstation to run specially designed system software.
The MEA (a woven braid of 64 0.003-in-diameter wires) is mounted on a 7.6-mL balloon on a 9F catheter (Figure 1) . Each wire has a 0.025-in break in insulation, producing a noncontact unipolar electrode. The raw far-field electrographic data from the MEA are acquired and fed into a multichannel recorder and amplifier system, sampled at 1.2 kHz, and filtered with a bandwidth of 0.1 to 300 Hz. The amplifier also has 16 channels for contact catheters and 12 for the surface ECG. A ring electrode located on the proximal shaft of the MEA catheter in the descending aorta is used as a reference for both noncontact and contact unipolar electrogram recordings.
Before deployment of the MEA, patients were given 10 000 IU heparin with later boluses to maintain activated clotting time at 300 to 400 seconds. The MEA catheter was deployed via the retrograde transaortic route over a 0.032-in J-tipped guidewire advanced to the LV apex. With the pigtail of the MEA in the LV apex, the guidewire was withdrawn and the balloon inflated with a contrast-saline mixture ( Figure 2 ).
Catheter Location
The system is able to locate any conventional catheter in space with respect to the MEA by passing a 5.68-kHz, low-current "locator" signal between the catheter being located and alternately between ring electrodes proximal and distal to the MEA on the noncontact catheter. The MEA detects and determines the locator signal angles and thus positions the source.
This locator signal serves 2 purposes. First, it is used to provide measured samples for the geometry matrix of the inverse solution by constructing a 3-dimensional computer model of the endocardium (virtual endocardium). This was achieved in the present study either by use of an elliptical model of the LV fitted to 6 endocardial points equatorial to the balloon or by dragging a mapping catheter around the LV chamber, building up a series of coordinates for the endocardium (contour geometry), generating an anatomically more accurate endocardial model. Geometric points were sampled at the beginning of the study during SR and were taken by gating 6 ms before the R wave of the ECG. The locator signal is also used to display and log the position of the mapping catheter on the virtual endocardium during a study ( Figure 3 ).
Reconstruction of Electrograms
The electrical activity detected by the MEA is generated primarily by the electrograms on the endocardial surface and is of lower amplitude and frequency than the source on the endocardium. A technique to enhance and resolve these far-field potentials has been devised based on an inverse solution to Laplace's equation by use of a boundary element method (BEM). The inverse solution considers how a signal detected at a remote point will have appeared at the source, and the BEM is a method for applying the inverse solution to resolve a matrix of such signals from a source at a known boundary (eg, the blood-endocardial boundary).
The potential distribution on the MEA created by potentials at the blood-endocardial boundary is described by Laplace's equation. The potential field at any 1 electrode is influenced to a degree by the potentials from the entire endocardium, the degree of influence being inversely proportional to the distance between the electrode and each endocardial point. The potential field created on the MEA surface is therefore related to the MEAendocardial geometry matrix. When this is known, it is possible to The inverse solution is inherently ill posed, meaning that noise from the MEA electrodes or inaccuracy in the MEA-endocardial geometry matrix results in large errors in reconstruction of electrograms. To minimize this, stability is provided by application of a mathematical constraint, with physiological basis, to the solution by use of a technique called regularization, 13, 14 for which a customdesigned algorithm based on methods described by Tikhonov and Arsenin 14 is used. Accuracy of reconstruction of endocardial electrograms is therefore dependent on the solution to Laplace's equation, the regularization technique used, and the accuracy of the geometry matrix. Errors in geometry will still occur and may be related to the number of endocardial points sampled and the complexity of the geometry of the chamber. These errors will be reflected in the results shown later. Several modifications have been applied to previously described techniques for inverse solution 15 to improve the accuracy of the system. The inverse solution is based on Green's second formula and is executed by use of higher-order algebraic expressions: 
where D is a domain, ѨD is the boundary of D, Ѩ/Ѩ n represents the outward normal on D, ٌ 2 is the Laplacian, dA is the surface area differential, dD is the volume differential, w is the potential field created by a unit charge in free space, and v is a solution of the Laplace equation.
The geometry matrix defines the relationship between the location of the 64 electrodes on the MEA and 3360 points on the endocardium where the reconstruction is computed. Theoretically, the use of a model based on linear splines may cause significant errors in the geometry estimation because the sharp pyramidal points of the spline are a poor estimate of the curvature of the endocardial surface. Therefore, a model based on bicubic splines, which fits the sampled endocardial points with curves rather than lines, was used.
With these techniques, the system can, from the MEA potentials, reconstruct and interpolate Ͼ3300 electrograms simultaneously over the entire virtual LV endocardium ( Figure 3 ). The use of a BEM by the inverse solution means that the 3-dimensional myocardium is treated as a 2-dimensional endocardial surface as it is by contact endocardial catheters. Also, reconstructed electrograms are subject to the same electrical principles as contact electrograms, so that both contain contributions from surrounding endocardium as well as underlying myocardium. The contribution of each component to the electrogram is weighted by amplitude and distance from the site of measurement. In generating the geometry matrix, data from structures protruding into the chamber cavity are likely to be ignored in favor of data from more distant endocardial points on the same vector. Structures such as papillary muscles, therefore, are not likely to cause significant distortion of the virtual endocardium but, as with local contact electrograms, may make a small contribution to the far-field electrograms.
Signal Recording
Contact catheter data and the surface ECG were recorded simultaneously on a conventional electrophysiology system (Bard Labsystem or Prucka Cardiolab) and the noncontact mapping system. Both the contact electrograms and the position of the contact catheter as determined by the locator signal were recorded simultaneously.
Reconstructed electrograms could be selected later at any location on the virtual endocardium and displayed individually, allowing comparison of a contact electrogram and a reconstructed electrogram from the same endocardial location.
Validation of Electrogram Reconstruction
Contact unipolar recordings from a mapping catheter were made in all patients during SR from Ն6 separate endocardial locations equatorial to the balloon. The accuracy of reconstruction was compared with the distance from the MEA center as defined by the catheter-location system, which has been validated by in vitro and animal studies. 16 The perpendicular equatorial distance of the contact catheter from the true equatorial plane of the balloon was calculated by the catheter-location system and displayed in real time. Equatorial positions were defined as endocardial sites within 15 mm perpendicular to the true equatorial plane of the MEA. Recordings were also made at points Ͼ15 mm from the MEA equator to assess the accuracy of reproduction toward the poles of the MEA. Contact catheter sites were taken from as varied an anatomic distribution as possible for each patient (Figure 4) .
The effects of catheter pressure on local electrogram timing and morphology have been demonstrated. 17 Therefore, unipolar electrograms from the ring electrode, 2 mm from the mapping catheter tip, were also compared with the reconstructed electrogram to explore any differences resulting from pressure.
All locations were marked by use of the locator signal. Software filtering produced a bandwidth of 4 to 300 Hz for both contact and reconstructed electrograms.
Data Analysis
Data were analyzed on the Silicon Graphics workstation as follows:
1. Electrogram timings were compared at the point of maximum ϪdV/dt in the reconstructed and contact electrograms.
2. Differences in electrogram morphology, with reference to polarity, relative amplitude, and frequency of electrogram components, were compared after the gains had been adjusted to produce an optimal visual match. Electrogram morphologies were examined by overlaying reconstructed and contact electrograms recorded from the same site, and a visual morphology score (1 to 5) was used wherein 5 indicates an exact match (no difference could be seen in overlying electrograms), 4 indicates features are exact with phase shift (no visible difference in electrogram morphology, with an overall shift in timing), 3 indicates many features match with or without phase shift (the overlying electrograms match closely, but differences in electrogram features can be seen), 2 indicates few features match with or without phase shift (similar features can be identified in the electrograms but with a poor overall match), and 1 indicates no match (Ͻ2 clearly identifiable features can be matched).
3. Equatorial electrogram morphologies were compared by use of a well-described template comparison algorithm to calculate the cross-correlation. 18 -20 4. Off-line cross-correlation can be used to measure differences in timing between reconstructed and contact catheter electrograms. A computer shifts the reconstructed against the contact electrograms in time to produce the maximum correlation between the 2 sets of amplitude samples, and this timing shift is called correlation timing.
Statistics
Continuous data, including differences in timing, correlation, and endocardial distance, are presented as means, SDs, and 95% CIs. Means of continuous data were compared with Student's t test. Negative values for comparison of timing indicate that the reconstructed electrograms had earlier maximum ϪdV/dt than their contact counterparts. Results of the noncontinuous subjective morphology score were compared with endocardial distances by use of general linear model ANOVA and linear regression analysis. 
Results
Results are summarized in Table 2 .
Equatorial Data
Data were collected from 76 equatorial LV points (mean, 5.9 points/patient; range, 5 to 7).
Timing. Perfect matches in timing were obtained as far as 52 mm from the MEA center, but differences in timing of maximum ϪdV/dt for reconstructed electrograms with respect to contact counterparts increased gradually with distance and significantly at data points Ͼ34 mm from the MEA center ( Figure 5A ). Thus, data were handled in 2 sets of points Ͻ34 mm and Ͼ34 mm from the center of the MEA. Computer timing analysis did not demonstrate this predominantly negative shift of reconstructed electrograms with respect to contact electrograms ( Figure 5B ).
Morphology. The subjective morphology score ( Figure 6A ) showed no apparent threshold distance beyond which the morphology of reconstructed electrograms worsened (Figure 7A) . Cross-correlation worsened at greater endocardial distances, but a threshold distance for this was not clear ( Figure 7B ).
Nonequatorial Data
Thirty-two nonequatorial points were recorded (mean, 2.5 points/patient; range, 1 to 6). The mean perpendicular distance of points from the equatorial plane of the MEA for nonequatorial data was 32.33Ϯ10.81 mm (range, 16.9 to 55.6 mm).
Timing. Perfect electrogram reconstruction was demonstrated at distances of up to 44.1 mm perpendicular to the MEA equator. No relationship was demonstrated between perpendicular distance from the equator and timing differences ( Figure 8A ).
Morphology.
The mean morphology score of nonequatorial reconstructed electrograms ( Figure 6B ) showed no statistically significant trend to alter with increasing perpendicular distance from the equator ( Figure 8B ). Detail from screen of noncontact-system workstation. Within the geometric contour of the computer-generated virtual LV endocardium (top), position of MEA is represented as a yellow frame. Lateral wall of virtual endocardium has been removed to reveal endocardial surface. Some anatomic locations, as identified on fluoroscopy, are labeled in green, having been marked on the map by use of the catheter-location system. Inf indicates inferior; Infsept, inferoseptal; Ant, anterior; and Ant Sept, anteroseptal. A reconstructed isopotential map is superimposed onto the virtual LV endocardium. Color scale for the isopotential map, shown as a horizontal line below the virtual endocardium, has been set so that white represents endocardial regions where the potential is ϽϪ9 mV and purple represents endocardial regions where the potential is ϾϪ8 mV (thus producing an activation map). Green locator signal line emerging from MEA marks the position of the mapping catheter tip on the endocardium. Below the virtual endocardium are waveforms showing surface ECG lead I, contact electrogram from the mapping catheter tip, and reconstructed electrogram at the same location.
Distal Ring Electrode Data Compared With Reconstructed Electrograms
Comparison of reconstructed electrograms with the distal ring electrograms produced results similar to those above ( Figures  5C and 7C ).
Discussion
The commonest cause for VT in coronary heart disease is reentry. 21, 22 The ability to ablate such VT with catheters has been limited by the time taken to adequately map endocardial activation with conventional sequential techniques, restricting this therapy to a subset of patients with hemodynamically stable VT. The efficacy of catheter ablation of VT has been disappointing. Although 71% to 90% 5, 7, [23] [24] [25] [26] of VTs are rendered noninducible, long-term recurrence rates are high. Attempts to improve these results have been directed both at increasing the size of ablation lesions and at improving mapping techniques to increase the precision of delivery of lesions to the complex substrate causing reentry in ischemic VT.
Detailed simultaneous endocardial and epicardial activation mapping of VT has been performed at surgery by application of arrays of multiple electrodes directly to the epicardium or endocardium. 10 However, mapping under anesthetic with an open chest and possible ventriculotomy has an associated morbidity and mortality. 27, 28 Simultaneous mapping of multiple points can also be performed by use of endocardial basket arrays deployed percutaneously. Resolution remains limited to the proportion of electrodes in contact with the endocardium and by unequal deployment and spacing of the splines. 8 Three-dimensional electroanatomic reconstruction of sequentially acquired contact catheter data has also recently been described and validated. 20 Although this is a significant advance in mapping technology, like all sequential systems, resolution is limited by the time available to acquire separate data points, and its use remains restricted in nonsustained or hemodynamically unstable arrhythmias.
Noncontact mapping has several potential advantages over these techniques because high-resolution maps of the entire intact cardiac chamber are created simultaneously, producing complete maps of each beat of tachycardia. Noncontact endocardial mapping was first described by Taccardi et al 29 when olive-shaped and cylindrical probes were used to recorded noncontact electrograms of ventricular-paced beats in dogs. Such recordings resulted in low-frequency, lowamplitude cavity potentials. 30 To enhance this technique, principles that had previously been applied to reconstruction of epicardial maps from skin-surface electrograms 31 were Results data are given as meanϮSD (95% CIs). Location indicates whether the points are equatorial or nonequatorial (see text); Electrode, electrode used for recording contact catheter electrogram (Dϭdistal tip electrode; Rϭring electrode); Distance, distance from the center of the MEA (in mm); N, number of data points; Time, time difference between maximum ϪdV/dt of reconstructed and contact electrograms (ms); Morphology Score, mean subjective morphology scores; Correlation, cross-correlation between reconstructed and contact electrograms; and Correlation Timing, computer timing difference between reconstructed and contact electrograms (ms).
*Decrease in morphology score (PϽ0.001) with increasing MEA distance. †PϽ0.05 between equatorial points Ͻ and Ͼ34 mm. ‡PϽ0.01 between equatorial points Ͻ and Ͼ34 mm. §PϽ0.001 between equatorial points Ͻ and Ͼ34 mm. PϽ0.001 between equatorial and nonequatorial points. Figure 5 . Difference between the timing (ms) of reconstructed and contact unipolar electrograms versus distance (mm) from MEA center for equatorial points. A, Timing difference between reconstructed and mapping catheter tip contact electrograms versus distance from MEA center. A negative timing value indicates that the reconstructed electrogram timing precedes the contact electrogram. B, Correlation timing shift required by a computer algorithm to produce best fit between reconstructed and catheter tip electrograms versus distance. C, Timing shift required by a computer algorithm to produce best fit between reconstructed and catheter ring electrograms versus distance.
applied to reconstruct endocardial electrograms. 15, 32, 33 Endocardial reconstruction has been applied by use of cylindrical probes in an open chest dog with epicardial echocardiography used to provide a geometry matrix, with good correlation between contact and reconstructed electrograms. 15 The system reported herein combines inverse-solution mathematics with a catheter-location device and thus has potential advantages over previous noncontact systems. Cavity geometry is defined with limited need for an alternative imaging system, and the progress of a mapping catheter within the cavity can be monitored continuously and recorded, potentially reducing exposure to x-rays.
This system was first validated in vitro 34 when accurate catheter location and good correlation were seen between reconstructed and contact potentials by use of a lowerorder inverse solution than presented in this article. With the presently used inverse solution, reconstruction of electrograms and catheter-location accuracy decreased at distances Ͼ40 mm from the MEA center. 16 In normal dogs, cross-correlation between reconstructed and contact unipolar electrograms was 0.98, and a mapping catheter was positioned to within 4.0Ϯ3.2 mm of a target pacing plunge electrode. 16 The LVs of those dogs were smaller (3.98Ϯ0.22 cm LV end-diastolic dimension [meanϮSD]) than the LVs of the patients in the present study (6.17Ϯ0.84 cm), which were typical of patients with ischemic heart disease and VT.
The results of the present study show that this system can accurately reconstruct electrograms at distances of at least 50 mm from the center of the MEA but that accuracy decreases with distance, significantly so Ͼ34 mm from the MEA center. There is no significant difference in timing of maximum ϪdV/dt between contact catheter and reconstructed electrograms Ͻ34 mm from the MEA center, but the timing of reconstructed electrogram maximum ϪdV/dt becomes earlier than that of contact electrograms Ͼ34 mm from the MEA center. The trend for the reconstructed electrograms to be displayed earlier than contact electro- grams at distances Ͼ34 mm from the MEA center probably results from a combination of errors. These may be introduced by distance of the endocardium from the MEA, signal-to-noise ratio, complexity of anatomy, motion of different regions of the LV, and the presence of scar. These possible sources of error may be further compounded by regularization, in which subtle features of the endocardial potentials may be rejected because of rapidly changing geometry or electrogram amplitude. Thus, the complex relationship between reconstruction errors and MEAendocardial distance can be easily demonstrated but not easily defined. If this complex, reproducible error in the reconstruction algorithm is defined, it may be possible to modify the mathematical solution to adjust for this.
The computerized correlation timing data also demonstrated that differences in electrogram timing increased with increasing endocardium-to-MEA distances, but there was not a consistent shift in timing of reconstructed electrograms to precede contact electrograms, and differences in timing were less than those measured by comparison of maximum ϪdV/dt. Computerized correlation timing provides a more global measurement of electrogram timing but may underestimate errors in activation timing of reconstructed electrograms and requires further validation.
Previous data have suggested that accuracy of electrogram reconstruction decreases at points toward the poles of the MEA. 16 Our data show no such trend, and although the morphological accuracy of electrogram reconstruction decreased with increasing distance from the center of the MEA, the morphology did not alter significantly with points at increasing perpendicular distances from the MEA equator. This may be explained by the ellipsoid shape of the balloon, because although points at increasing angles from the MEA equator are farther from the MEA center, they may be closer to the polar surface of the array.
There was no difference between the results of tip-and ring-electrode electrogram comparisons, which suggests that the pressure effect was not significant in this study.
Limitations of Study
The design of this study in humans meant that the display of reconstructed electrograms for comparison with contact electrograms depended on both the reconstruction algorithm and the accuracy of the catheter-location system. This study is limited by its inability to determine whether errors seen were due to the reconstruction process or the location system. However, although previous in vitro data have supported the accuracy of the locator system and construction of the virtual endocardium, 16 no animal study has yet compared the virtual endocardium with the true anatomy of the cardiac chamber. Because this study was performed on humans, it was not possible to precisely locate the catheter by other techniques and thus independently determine the accuracy of the locator system. This mapping system integrates the locator and electrogram reconstruction technologies, and this study addresses the performance of the system as a whole. Because the principal purpose of the mapping system described herein is to map human VT, further study is required to confirm that data obtained during VT, particularly small-amplitude diastolic potentials, can also be accurately reconstructed. A theoretical limitation is that geometry data are acquired during SR but applied to mapping of VT, when the LV dimensions may be different.
Conclusions
The noncontact mapping system described in this study can faithfully reconstruct endocardial electrograms in the human LV during SR. The accuracy of reconstruction depends on the distance between the endocardium and the center of the MEA. The consistent nature of the timing error suggests that the reconstruction of electrograms at MEA-endocardial distances Ͼ34 mm may be improved with refinements in the mathematical solution and hardware used. Further studies will determine whether this system can assist in the mapping and treatment of human arrhythmias.
